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Abstract 
Total is committed to reducing the impact of its activities on the environment, especially its 
industrial facilities, to reduce the flaring of associated gas, to invest in the development of 
complementary energy sources (biomass, solar, clean coal) and to participate in many operational 
and R&D programs on CO2 capture, transport and geological storage. It has been involved in CO2 
injection and geological storage for over 15 years, in Canada (Weyburn oil field) for EOR and 
Norway (Sleipner, Snohvit) for aquifer storage. In 2006, the company decided to invest 60 million 
euros to experiment CO2 capture, transportation and injection in a depleted gas reservoir. The pilot 
in the Lacq basin, SW France, 800 km from Paris, has been on stream since January 2010. 
 
The experimental plant is unique in several respects; by its size (unprecedented worldwide), 
capturing carbon through a 30-MWth oxy-combustion gas boiler, by the choice of a depleted deep 
onshore gas reservoir (unprecedented in Europe) located onshore 5 kilometers south of the 
agglomeration of Pau (around 140,000 inhabitants) and by its scope, operating a fully integrated 
industrial chain (comprising extraction, treatment, combustion of natural gas, High-pressure steam 
production, CO2 capture, transport and injection) on the SEVESO-classified Lacq industrial 
complex. 
 
The pilot installations were designed by the Total E&P Research and Development team and are 
mitigate greenhouse gas emissions.  
 
A dedicated plan was devised with the French authorities to monitor the integrity of the injection 
site and confirm that the CO2 remains trapped in its host reservoir. Its main objectives are to check 
that no CO2 is leaking upward out of the reservoir though either the injection well or the cap rock, 
so as to avoid any impact on the groundwater and surface water resources, the biosphere (Fauna and 
Flora) or human health.   
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This paper details the main technical features of the pilot and the monitoring program spanning 
subsurface and surface aspects, together with the operational feedback after more than two and half 
years of operation. 
 
 to hold 
promise for use on an industrial scale. This industrial operation will capture and trap up to 90,000 
tonnes of Carbon dioxide over a three and half year period. This quantity is equivalent to the 
exhaust emissions of 30,000 cars over a 2-year period. 
 
Keywords: Oxycombustion, CO2, Compressor, injection well, microseismic, environment, GHG 
footprint method  
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1- Introduction  
This project entailed the conversion of an existing air-gas combustion boiler into an oxygen-gas 
combustion boiler, using oxygen delivered by an air separation unit (ASU), rather than air, for 
combustion to obtain a more concentrated flue gas/CO2  stream, easier to capture. The 30-MWth 
oxy-boiler can deliver up to 38 t/h of steam to the HP steam network of the Lacq sour gas 
production and treatment plant. After quenching of the flue gas stream, the rich CO2 stream is 
compressed (to 27 Barg), dried and transported as a gas phase via existing pipelines to a depleted 
gas field, 29 kilometers away, where it is injected in the deep Rousse reservoir. Over a three and a 
half year period, up to 90,000 metric tons of CO2 could be injected. 
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   Figure 1: General scheme of the Lacq CCS pilot  
 
 
 
 To demonstrate the technical feasibility and reliability of an integrated chain comprising CO2 
capture, transportation, injection into a depleted gas reservoir and steam production. 
 To acquire operating experience and data to upscale the oxy-combustion technology from pilot 
(30 MWth) to industrial scale (200 MWth) while downscaling the costs. 
 To develop monitoring methodologies and technologies on site to serve in future onshore 
storage monitoring programs that will be larger in scale, longer in term and economically and 
technically viable (Microseismic monitoring, Environmental monitoring).  
Bilan carbone® is a GHG footprint method designed by the French Agency for Environment and 
Energy Management (ADEME). It is one of the most comprehensive methods ever for assessing 
GHG emissions from public or private entities. Fully compatible with ISO 14064 and other relevant 
international standards, it seeks to determine the energy dependence and greenhouse gases 
emissions (the six considered in the Kyoto Protocol: CO2, CH4, N2O, HFC, PFC, SF6) of an entity 
(company, plant, process...).  
 
Bilan Carbone® advocates an overall approach, taking into account both the direct, 'on-site' 
emissions of the structure considered and the indirect, 'off-site' emissions generated by its activities, 
i.e. those of other actors and structures necessary to its existence.  
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We made use of the Bilan Carbone® methodology to assess the overall carbon footprint of two 
capture technologies: Post Combustion Capture with amine (PCC) and oxy-combustion. When 
capturing CO2 through the oxy-combustion process, most of the incremental energy consumed, in 
comparison with PCC technology, is electricity to power the ASU. In France, electrical power has a 
very low carbon footprint of 0.085 kg equivalent CO2 / kWhe. In our case, oxy-combustion proves 
to be the most effective solution to reduce the overall carbon footprint of a gas boiler and was 
therefore the technology selected.The oxy-combustion technology selected reduces the CO2 
emissions from 205 Kg eq. CO2/Tonne of steam to 89 Kg eq. CO2 /Tonne of steam sent to the plant 
network. 
 
 
2. Technical description of the pilot 
 
The CCS pilot installations consist of an Air Separation Unit (ASU), an oxy-combustion boiler, a 
direct cooling contactor, a CO2 compressor, a dryer system, transportation pipelines and an injection 
site (basically a compressor, an injection well, a reservoir and a subsurface seismic network).  
 
                                 
 
Figure 2: General scheme of the Lacq CCS pilot  
 
2.1 Air Separation Unit or oxygen production unit 
 
A new dedicated ASU was installed on the Lacq gas treatment complex by the French company Air 
Liquide, to produce 240 t/day of low-pressure oxygen (1.8 Bara) at a purity designed to vary from 
95% to 99.5% vol. Only 99.5% pure oxygen is used to feed the oxy-combustion boiler. The nitrogen 
rejected by the ASU is partially used for regenerating the dryer system. Air Liquide takes full 
charge of this installation.  
 
2.2 Oxy-combustion boiler 
 
At Lacq, one of the five air boilers built in 1957 that provide the steam and electricity necessary for 
the industrial complex was retrofitted into an oxy-combustion boiler, pure oxygen replacing air for 
the combustion of commercial gas.Inside the air-boiler, the four air-fired burners were replaced by 
four 8-MWth burners specifically developed by Air Liquide for oxy-combustion.This technology is 
specially designed to manage heat transfer inside the combustion chamber, without requiring special 
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construction materials, and to adapt the combustion characteristics to a conventional heat exchanger 
design. Specific developments were submitted to trials at a 1-MWth oxy-combustion cold-wall test 
rig (Air Liquide Center), incorporating flue gas recycled at variable rates. 
The existing air-fired boiler was adapted to oxy-combustion, mainly by improving sealing to limit 
air in-leakage, and by implementing a flue-gas recycle duct and a fan, through which flue gas will 
be partially recycled to the inlet of the oxy-burners to dilute the oxygen flames and maintain the 
temperature inside the combustion chamber at an acceptable level. After this revamping, handled by 
our industrial partner Alstom, the boiler pressure was slightly higher than atmospheric pressure.  
 
This 30-MWth oxy-boiler started up in 2009 and can produce up to 40 t/h of HP steam (60 bars and 
450°C) to feed the HP network of the Lacq industrial complex. 
                              
 
Figure 3: The oxy-boiler at the Lacq pilot 
 
The flue gas leaving the boiler contains 31-34% volume of CO2 and 62  65% volume of H2O along 
with other components such as nitrogen, argon and oxygen.   
 
2.3 Direct cooling contactor 
 
The flue gas leaving the oxy-boiler at approximately 220°C is cooled down to 50°C in a direct 
cooling contactor, and most of its water is removed by condensation. The dry CO2 stream goes on to 
the Lacq CO2 compressor. 
 
2.4 Lacq CO2 compressor 
 
This is a three-stage reciprocating compressor with 1 MW power, designed to compress the CO2 
Stream from 1 barg to 27 barg. 
 
2.5 Dryer system 
 
The dryer system was designed by Air Liquide. Two molecular sieves remove the residual water 
from the CO2 stream, giving a maximum concentration of 30 ppm vol. eliminating any condensation 
in the transportation pipelines.  
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Table 1: Typical composition of the injected CO2 stream 
 
2.6 Transportation pipeline 
 
The CO2 
. Ten emergency shut-down valves are installed along the pipelines to minimize the 
consequences in the event of pipeline leakage. Depressurization devices are also available.  The 
pipelines are made of carbon steel and were used for over 30 years to transport natural gas produced 
at Rousse to Lacq. They were subjected to an in-depth inspection before being reused. 
                    
 
Figure 4: The transportation pipelines 
2.7 Injection site 
 
The injection site of Rousse is located in an unpopulated rural area, five kilometers south of the 
town of Pau and its suburbs (around 140,000 inhabitants). 
 
2.7.1 Rousse CO2 compressor 
 
The Rousse compressor is a one-stage reciprocating compressor with 330 kW power, designed to 
compress the CO2 stream from 27 barg to 51 barg for injection in the reservoir. It is housed in a 
shelter to minimize visual impact and noise. 
 
2.7.2 Rousse injection well 
 
The CO2 is injected through an existing well, Rousse #1, which was used from 1972 to 2008 to 
produce wet sour gas. Rousse #1 was selected after cement and corrosion logging undertaken in 
2006. A workover was organized in early 2009 to convert the well into an injector. It was equipped 
with 4 pressure sensors, 4 temperature sensors and 3 microseismic sensors fitted along an optical 
fiber cable at the bottom of the completion (See  2.7.4) 
 
2.7.3 Rousse Reservoir  
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Rousse, now depleted, is a deep, isolated Jurassic horst reservoir located at a depth of 4500 meters
below ground level. 70 of its 1
cap rock. The initial reservoir pressure was 485 barg. Discovered in 1967, it produced from 1972 to
2008, and was largely depleted before injection started (40 barg). The average downhole
temperature was 150°C. The initial gas in place contained 4.6% vol of CO2 and 0.8% vol. of H2S.
Figure 5: N-S geological cross-section through the Rousse gas field
2.7.4 Microseismic monitoring system
The system is there to identify any mechanical effects of the injection on the reservoir and on the
cap rock that might affect the integrity of the storage.
It comprises 7 shallow wells (200 meters deep), each with four microseismic sensors. Six of the
wells are located within a circle 2 kilometers in radius around the injector well, and the seventh on 
the Rousse well pad. There are three more microseismic sensors at the bottom of the Rousse
injection well completion (between 4200-4400 below ground level). In addition, a seismometer also
located at the Rousse well pad, near the seventh well, detects and records natural earth tremors.
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              Figure 6: Shallow well                                                              Figure7: Subsurface 
microseismic network 
 
 
3   Monitoring program 
 
A full monitoring program was designed in 2007-2008, tailored to the specific configuration of the 
storage site (e.g. the very deep reservoir) to provide key information and data on the reservoir, the 
injection well, the deep subsurface, surface and near-surface levels. This program has been 
described in a previous article (1). 
 
Several monitoring aspects are laid down in the official authorizations issued by the French 
Administration in May 2009 and November 2011 (granting extension of the injection period by 18 
months). The initial program plans for three and a half years of injection (until July 2013) followed 
by three years of post-injection observation (from July 2013 to July 2016). After that, as a new 
permitting procedure will be necessary to obtain authorization for permanent storage of the injected 
CO2, another monitoring program - long-term this time - will be designed if necessary, based on the 
technical and economic lessons learned from the previous six and a half years and from R&D 
project results. 
 
The objectives of the program are: to confirm that the gas remains confined within the reservoir 
(that there is no leak upward and out of the reservoir, through the well or the cap rock, to the 
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groundwater resources and to the surface, and no impact on the biosphere or human health); to 
measure the flow-rate and injected gas composition; to follow the well performance; to check that 
the CO2 behavior is as modeled by the reservoir simulation; and to acquire information for 
calibrating the tools and updating the predictive models (especially the reservoir model and the 
pressure losses model). 
 
The following parameters are monitored: 
 
1. CO2 stream composition, concentration and flow (continuously) 
2. CO2 atmospheric concentrations at the injection well pad (continuously) 
3. Well annulus pressure (continuously) 
4. Pressure and temperature along the injection well (continuously) 
5. Bottomhole reservoir pressure and temperature (continuously) 
6. Reservoir and cap rock integrity (microseismic monitoring :continuously)  
7. Soil gas concentration and fluxes (by campaigns organized periodically) 
8. Groundwater quality (by campaigns organized periodically) 
9. Surface water quality (by campaigns organized periodically) 
10. Biodiversity of the ecosystems (fauna and flora: annual inventory). 
 
Year 2009 was dedicated to installing the monitoring facilities and acquiring the baseline data 
before injection: 
 
 The environmental baseline (soil gas, aquifers and ecosystems) from autumn 2008 to autumn 
2009, surveys spanning four seasons  
 The micro-seismic system was initiated with drilling of the seven wells and installation of the 
micro-seismic arrays (200 m deep) from October 2008 to June 2009. 
 
Years 2010, 2011 and 2012 have been devoted to performing the environmental campaign, 
recording all data logged by the monitoring systems and analyzing the results. The three 
microseismic sensors installed at the bottom of the well completion were only available from March 
2011. Unfortunately, no baseline survey is available for this system. 
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    Table 2: Yearly monitoring  
 
 
4 Operating feedback 
 
4.1.1 Surface installations 
 
The total quantity of CO2 injected into the Rousse reservoir at end of May 2012 is 43,000 metric 
tons.  
 
After commissioning and fine tuning of each piece of equipment, the whole pilot plant, with its 
retrofitted oxy-boiler ensuring oxygen production through to CO2 injection in the depleted gas field, 
was fully operational in January 2010. Operation of the pilot plant has proven very satisfactory on 
the whole. The choice of having the oxy-boiler start up in air mode and switch then to oxy mode, 
with load variations up to full capacity has been found to be robust and in line with the predicted 
behaviour. The flue gas treatment, which mainly consists of cooling the stream to remove 
condensed water and thus concentrate CO2, is also working as per design. The molecular sieve 
dryers effectively play their role of drastically lowering the CO2-
the carbon steel transportation pipe against corrosion. No corrosion has been recorded along the 
pipelines. The transportation system works perfectly as per design.  
 
The only equipment in the whole CCS pilot plant which has proved challenging to operate is the 
Lacq CO2 compressor. The main parts of this three-stage reciprocating compressor are all made of 
corrosion-resistant material, except for the cylinders which are in molded cast iron. Because of their 
size, stainless steel would have represented prohibitive manufacturing constraints and costs. The 
suction chamber of the 3rd stage cylinder soon came under severe attack from acid corrosion. 
Chemistry 
Bio-indicators 
Phreatic aquifer (springs) Chemistry 
Groundwater Chemistry 
Fauna 
Flora 
Soil gas 
Res. & Caprock Microseismic + P&T 
CO2 sensors at injection pad 
Well annuli 
P & T 
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concentration 
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Research Agency, 
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Permanent 
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Water quality 
Surface water (rivers) 
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Technical and operational solutions to overcome liquid carry-over and further condensation in the 
compressor equipment were studied and actions were taken; 
 
- Lower cooling at the direct cooling contactor : the set point initially at 50°C was 
lowered to 30°C to condense more water before compression. 
- Slight increase of compressor suction temperature: a high temperature before 
compression decreases the condensation risk in the compressor 
- Recycling of dry CO2 (downstream dryers) to compressor inlet: diluting the stream 
feeding the compressor with dry CO2 minimizes the condensation risk in the 
compressors. 
 
In addition, the efficiency of the to 
minimize liquid carry-over to the suction chambers 
 
On the other hand, the Rousse one-stage reciprocating compressor, which is built in the same 
materials as the Lacq one, has not suffered any corrosion, proof that the molecular sieve dryers 
work as per design.  
 
A workover of the injection well in Rousse was performed in winter 2010/2011 to replace the three 
microseismic sensors installed at the bottom of the completion which were not working. The tubing 
was inspected and no corrosion was found. Since March 2011, the new microseismics sensors have 
been working as designed. 
 
4.1.2 Upscaling of oxy-combustion boiler 
 
The Lacq CCS industrial pilot plant is a unique opportunity for Total and its partners to gather oxy-
gas-combustion data on the 30-MWth scale to enable further oxy-boiler optimization and upscaling 
for future larger projects.  
The specifications for the oxy-boiler to be developed have been defined: 200-MWth boiler, 
optimized for operating in oxygen mode to generate superheated HP steam. The use of this oxy 
technology will minimize greenhouse gas emission when steam generation is needed (heavy oil 
production
pressurize a gas reservoir for enhanced gas recovery. The capture of CO2 can be used for enhanced 
oil recovery or can be stored in a geological reservoir.  
From a boiler reliability viewpoint, it is crucial to monitor heat exchange in the boiler and to 
measure the intensity and location of the heat flux peak in oxy-mode.  
Sixteen openings fitted with high-temperature-resistant valves were pierced in the walls of the boiler 
furnace to insert heat flux and temperature probes. The ellipsoidal radiometer developed by the 
IFRF was used to measure the profiles of incident radiative heat flux in the boiler furnace. The 
Furnace Exit Gas Temperature (FEGT) was measured with a suction pyrometer. Both sensors were 
mounted on water-cooled probes for safe and robust utilization in the boiler furnace. Special 
attention was paid to the sealing system, as the pressure in the boiler furnace is slightly over 
atmospheric. The measurements were performed by the Energy Team of the Total Refining and 
Chemicals facility based in Solaize, France. Through modeling and further testing, our partners will 
obtain reliable data and the confidence to design upscaled oxy-burners and oxy-boiler. 
 
The first phase (PROQUAL) of identifying the risks involved in developing the technology is 
currently in progress with our partners.  
The development of the optimized industrial oxy-gas-boiler is based on upscaling of the technology 
implemented today through the Lacq Carbon Capture and injection pilot plant. Innovative 
technology (or significant extrapolation of known technology) is necessary to achieve it. 
 Jacques Monne and Catherine Prinet /  Energy Procedia  37 ( 2013 )  6444 – 6457 6455
First applications of new innovative technology are perceived as involving potentially increased 
risks, with possibly significant adverse consequences, and high levels of uncertainty.  
For this reason, supporting innovation in oil and gas Exploration & Production projects requires an 
Evaluation Qualification of Innovative Technology, which addresses these risks and uncertainties 
and helps to establish the necessary confidence through a Remediation Plan before any new 
technology is selected for an oil and gas pre-project. 
 
4.2 Monitoring feedback 
 
Since the injection began, no abnormal CO2 atmospheric concentration at the Rousse well pad has 
been recorded, only low-magnitude (<0) microseismic events have been recorded incapable of 
producing any impact on the cap rock and reservoir integrity, no deviation of soil gas concentration 
and fluxes has been detected, no change in ground water and in surface water qualities has been 
recorded, no change concerning the biodiversity of the ecosystems has been detected. The pressure 
increase in the reservoir is in line with pressure predictions from the reservoir model. These results 
demonstrate that the CO2 injected is so far well confined within the reservoir. A complete 
monitoring feedback has been developed in another publication.(3) 
 
5 Permitting process and Public acceptance feedback 
 
The permitting process was also a first in Europe because at this period (from 2007 up to 2009), the 
Directive 2009/31/EC of the European Parliament and of the Council of 23 April 2009 on the 
geological storage of carbon dioxide was not issued and the French authorities decided to apply the 
permitting process has included two months of official public hearing. In 2007, the public 
awareness was low in France. From the 6% of population knowing the CCS technology 50 % was in 
favor and 50 % was against. 
 
In parallel to this official process, TOTAL decided to be proactive in the stakeholder involvement. 
Public information meetings were held since the start of the project early 2007 and a public 
consultation and dialog phase has been organized before any construction works. Four meetings 
have been organized in 2007.  
 
The main objectives of these meetings were to: 
 
- Share the opportunity of having such project in that area and provide technical 
information of the Lacq pilot itself 
- Provide a better understanding of CCS technology context, issues and therefore 
promote the CCS technology deployment 
- Have all questions raised to propose answers at different steps 
- Provide information on short and longer term scientific follow up (dedicated scientific 
committee appointed with external experts) and monitoring 
- Help identifying project possible contribution to local socio-economic development 
- Demonstrate transparency and provide access to relevant information 
inform periodically on the progress of this project ,the public stakeholder representatives, the 
opposed Non Governmental Organizations, the politics and the French authorities (5 meetings have 
already been organized). A quarterly information letter is also sent to inform directly the local 
inhabitants on the progress of this project. (15 letters have already been issued) 
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The main reasons for the good level of public acceptance for this onshore project were: 
 
- A great emphasis on meeting inhabitants and their political representatives at all levels 
of Total hierarchy (From project manager up to Sustainable Development Executive 
director)    
- A constant transparency in Total communication with local populations and with ONG 
and public stakeholders representatives though a Follow-up Information Committee 
- The tools developed by Total for explaining the project (Movies, Brochures, Quarterly 
information letters send directly to the local population, Total internet site and French 
 
- The industry background in this area, and particularly the records of Total in terms of 
HSE (more than 50 years of extraction of a high pressure, very toxic gas containing 
more than 15 % of H2S and 9 % of CO2, with no major accident. 
- The fact that the injection site  Rousse  has ideal characteristics (4500 meters deep, 
2000 meters of very thick impermeable structure, reservoir used for production during 
more than 30 years, only one drilled well) against the fear of CO2 leakages. 
- The strong support of French public institutions regarding the CCS industry 
The public acceptance is from the begin
to set-up a high level of transparency and open dialog with all stakeholders. Sharing data with 
academics though a scientific steering committee and some specific scientific collaboration 
programs are also an objective.    
 
During this consultation period, Total publicity also asked communities to propose projects which 
Total could fund through philanthropic actions. The result was that only one community came back 
with a project. We can say that 
of this project. 
   
The public acceptance is never acquired there is a necessity to continuously inform the public with 
transparency and humility during the whole live of the project. This dialog cannot be delegated to an 
external communication agency; the company has to be fully involved. Thus, the challenge is still 
opened today for the Lacq pilot project. 
 
 
6 Conclusions 
 
 
 
 To demonstrate the technical feasibility and reliability of an integrated chain comprising CO2 
capture, transportation and injection in a depleted gas reservoir. 
 To acquire operating experience and data to up-scale the oxy-combustion technology from 
pilot (30MWth) to industrial scale (200 MWth) while downscaling the costs. 
 To develop monitoring methodologies and technologies on site to serve in future onshore 
storage monitoring programs that will be larger in scale, longer-term and economically and 
technically viable (Micro seismic monitoring, Environmental monitoring.)  
 
 
After two and half years of operation and 45,000 metric tons of CO2 injected, Total has 
successfully demonstrated the feasibility of safely storing CO2 in a depleted underground reservoir. 
The operability of a fully integrated Carbon Capture and Sequestration scheme based on the oxy-
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combustion CO2 capture process has been proved. The data needed to upscale the oxy-combustion 
technology from 30 MWth to 200 MWth was acquired during the operating tests performed at the 
end of 2011. It is currently being processed and the design of this industrial oxy-boiler should be 
completed in 2013. Regarding the monitoring, one of our R&D challenges remains, for the coming 
four years, to select the right parameters, methods and equipment to ensure a long-term onshore 
storage monitoring program that is economically and technically viable. A first step has already 
been completed by testing different monitoring technologies (Microseismic equipment, CO2 
ection site. The next step will be to select 
the right technology to be deployed based on the risk analysis study. 
 
 Thanks to the inhabitants of this area, to the stakeholders, to the authorities to give us the 
opportunity to complete this project.  
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